Introduction
While initially thought to be the domain of excitable cells, over the past decades we have learned that ion channels are also important to support the basic biology of malignant and non-malignant cells. They are necessary for defined steps in cellcycle progression, facilitate volume changes of migrating cells, and allow cellular condensation during programmed cell death. These biologies occur during development or following malignant transformation. Primary brain tumours, gliomas, are a model system in which the role of ion channels has been particularly well explored, and therefore this preparation will serve as a focus of this review; however, the main findings discussed have broad applicability.
Gliomas constitute a collection of primary brain tumours which are classified by the World Health Organization (WHO) according to their relative malignancy as grades I-IV [1] , with increasing grades defining more malignant tumours. The highest grade gliomas, astrocytomas or glioblastoma multiforme (GBM), make up the majority (60%) of adult gliomas, and these carry a poor prognosis with an average survival time of less than 12 months [2, 3] . Current treatments, which include surgical resection and temazolamide chemotherapy are largely ineffective as the infiltrative nature of the tumour makes complete resection difficult and recurrence common [4] .
As is common in cancer, gliomas present with numerous genetic mutations in tumour suppressor and oncogenes [5] but surprisingly, ion channel mutations are also frequent with 90% of human GBM samples presenting with ion channel and transporter mutations [6] . In paediatric brain tumours, ion channel/transporters are upregulated in 33% and downregulated in 48% of cases [7] . Hence ion channels are emerging as potential genes involved in the aetiology of gliomas, and therefore as potential future therapeutic targets.
The most defining features of gliomas, and many other cancers, are uncontrolled proliferation, enhanced invasiveness and abnormal cell death. In the following paragraphs, we will examine the role of ion channels in these three biologies in more detail.
Proliferation
During development, all body tissues expand by wellorchestrated proliferation, and some cell types retain the ability to divide throughout life. To assure a proper coordination of cell supply and loss, this process is highly regulated. A potential role for ion channels in cell proliferation has been well documented across many cell types, including numerous cancers [8] . Most of these studies found that drugs, presumed to be specific ion channel blockers, also inhibit cell-cycle progression and often arrest proliferation at distinct stages of the cell cycle. Of channels investigated, both Cl 2 channels and K þ channels have emerged as important pathways to facilitate cell volume changes.
(a) Chloride channels Surprisingly, resting Cl 2 conductance is partially responsible for the relatively depolarized resting membrane potential (RMP) that characterizes glioma cells [9] . Glioma cells accumulate Cl 2 to approximately 100 mM [10] through the activity of the sodium/potassium/chloride cotransporter NKCC1 [11] . As a result, any opening of Cl 2 channels causes the efflux of Cl 2 [10] . Cl 2 channels blockers inhibit glioma proliferation,
and this affect appears largely owing to preventing cell volume changes required for mitosis (figure 1). Specifically, as cells prepare for division, they undergo an increase in size as they double their membrane and intracellular constituents prior to separating into two daughter cells. Using time-lapse confocal microscopy, Habela et al. [12] followed individual cells through several complete divisions. These studies discovered that rather than gradually increasing in size, the mother cell undergoes a cell volume condensation immediately preceding M phase, a process termed 'premitotic condensation' (PMC) [12] . During this time, the cell rounds and the plasma membrane thickness increases, presumably (a) Cells undergoing proliferation use Cl 2 channels, specifically ClC-3, and multiple K þ channels to efflux ions, which cause water efflux through aquaporins (AQP). This causes cell rounding and shrinkage with an increase in membrane thickness. Downstream, cell shrinkage may regulate macromolecular crowding and activation or auto-activation of kinases or other enzymes, as shown with the black diamonds representing intracellular proteins and red triangles representing membrane-bound proteins. ClC-3 activation requires phosphorylation by CaMKII (CMK) after Ca 2þ activation. (b) Cell rounding and decrease in cells size can be visualized by increased GFP intensity at M phase. The membrane is labelled with DiI to visualize the increase in membrane thickness. Adapted with permission from Habela et al. [12] .
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130095 through folds, as cell volume decreases, resulting in a greater than 2Â increase in the membrane : cytoplasm ratio at M phase ( figure 1) . Across the population, cells converged to the same cell-type-specific volume at M phase, regardless of starting size [12] . A hypertonically induced decrease in cell size decreased cell-cycle length, increased number of cell divisions, increased rate of shrinkage, and decreased time spent at or near minimal volume are all consistent with the idea that condensation or cell shrinkage is required for proliferation [12] . This process is not restricted to gliomas but was also observed in primary culture of immature spinal cord astrocytes and HEK-293 cells [12, 13] , suggesting that PMC is a universal phenomenon of dividing cells.
Ion channel activity directly affects cell volume, as flux of K þ and Cl 2 causes osmotically obligated water to follow (schematically depicted in figure 1) . A specific requirement for Cl 2 channels in mitotic volume change was derived from subsequent studies using a combination of channel blockers and genetic tools to manipulate ion channel expression. In condensing M-phase cells, ClC-3 is enriched on the membrane [13] , and patchclamp recordings show an approximately twofold increase in Cl 2 conductance during M phase [12] . Cl 2 channel inhibitors or knockdown of ClC-3 each decreased currents, impaired PMC and lengthened the cell cycle [12, 13] . This indicates that ClC-3 mediates Cl 2 efflux and accelerates PMC, ensuring a rapid progression through the cell cycle [12, 13] . A number of studies in different glioma cells also point to other yet unidentified Cl 2 channels as likely contributors to the regulation of cell proliferation [14, 15] . These too found that the rate of cell proliferation correlates with the rate of cell volume change following a bell-shaped curve, with both very high and very low volumes decreasing the rate of proliferation [14] . Similarly, proliferation rates were sensitive to volume changes, where experimentally altering osmolarity to induce swelling decreased proliferation rates, and shrinking cells increased proliferation [16] . These studies clearly establish cell volume regulation as a critical component of the cell cycle and identify one mechanism whereby Cl 2 channels directly participate. A number of theories mechanistically link volume changes to cell proliferation, including: alterations in the cytoskeleton [14] , cell-size checkpoints [17] , enhancement of intracellular nutrient concentration [17] , regulation of gene expression [18] and macromolecular crowding [14, 17] . Macromolecular crowding has been suggested to cause auto-activation of kinases [19] and crowding of effectors, especially kinases and phosphatases, enzymes and protein/ electrolyte interactions [12, 17, 20] . Some consider cell volume to be a second messenger system, as small changes in volume create large changes in activity [20] . Clearly, we are only beginning to understand the effect(s) of cell volume changes in cell proliferation and much work remains.
(b) Potassium channels K þ channels regulate proliferation of many cell types [21] and pharmacological blockers typically decrease cell proliferation [22, 23] . Although the mechanism(s) linking K þ channel function to cell proliferation are not entirely understood, changes in RMP appear to represent an important mechanistic link, where it may affect cell-cycle checkpoints [24] . Importantly, gliomas and other cancers tend to have a more depolarized RMP [24] .
To explore the mechanistic relationship between RMP and cell proliferation, an interesting comparison can be drawn between the function of K IR 4.1 in both post-mitotic glial cells and dividing glioma cells. K IR 4.1 is highly expressed on the membrane of differentiated astrocytes where it underlies uptake of K þ . During development and after injury, astrocytes divide to produce scar tissue. This division is characterized by a depolarized RMP (from 280 to 240 mV) and is associated with decreased K IR 4.1 activity [25] . Interestingly, dividing glioma cells have a persistently depolarized RMP (-40 mV), and lack membrane expression of K IR 4.1 [21, 26] . Manipulation of the RMP via modulation of functional membrane expression of K IR 4.1 regulates proliferation in both cell types: blockade of the channel in mature astrocytes induced proliferation, and overexpression in glioma cells arrested proliferation [25, 26] . The cell-cycle arrest in glioma cells could be overcome by blockade of the channels or by chronically depolarizing the cells with high K þ [26] , demonstrating that a membrane depolarization is necessary to support cell proliferation. How changes in voltage translate into cell-cycle re-entry remains elusive. However, RMP can regulate depolarizationdependent nuclear translocation, induce kinase activation and affect influx of mitogens through voltage-powered transporters [24] . Changes in RMP may also affect internal pH, nutrient transport, Ca 2þ influx and integrin activation [17, 24] . Clearly, further studies are warranted to elucidate the downstream mechanism for voltage regulation of glioma division. As previously described for Cl 2 efflux, there are many outwardly rectifying K þ channels that may affect proliferation by altering cell volume. For example, inhibition of the voltagegated K þ channels K v 1.3 and K v 1.5 decreases proliferation of glioma [17] and non-malignant glia [27] . Also, knockdown or inhibition of the ATP-sensitive K þ channels (K ATP ) decreases proliferation in vitro and slows tumour formation in xenografts, with cells arrested at G 0 /G 1 phase of the cycle [28] . Use of an agonist or overexpression of the channel increases proliferation and promotes tumour development in vivo [28] . Three classes of Ca 2þ -activated K þ channels (KCa) have been identified in glioma cells: large-conductance (KCa1.1), intermediateconductance (KCa3.1) and small-conductance (KCa2) [29] . Their role in regulating cell proliferation is unclear as some studies found evidence for a reduction of proliferation when KCa1.1 or KCa3.1 were inhibited [22, 30, 31] yet others found little to no effect [29] . Taken together, it is clear that both Cl 2 and K þ channels play a major role in the proliferation of glioma cells, though how they specifically affect downstream mechanisms is unclear. Future studies should investigate the specific mechanisms regarding ion channels in proliferation, with attention to determining the relative role of RMP versus cell volume.
Migration
Gliomas are particularly invasive cancers that have often already seeded metastases at the time of first presentation [32] . While most systemic cancers initially spread via a haematogeneous route, gliomas exclusively use individual cell movement through the extracellular spaces as they invade. This makes them an excellent model system in which to study the biology of cell movement within tissue. Molecular motors and rearrangement of the plasma membrane are fundamentally important in cell movement. Actin polymerization and myosin II contraction regulate the leading and trailing edges of the cell, respectively, to coordinate rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130095 migration [33, 34] . A role for ion channels in cell migration has been demonstrated for a variety of cell types, both cancerous and non-cancerous [35] . Ion channels can affect migration in multiple ways: by acting as a sensor for extracellular guidance cues [36] , mediating the influx of Ca 2þ that controls actin polymerization [37] , and inducing shape and volume changes to adjust the moving cell to its environment [35] . The activity of ion channels may predominantly occur locally at the leading or trailing edges of the cell (figure 2) or occur globally, affecting the entire cell ( figure 3 ). Below, we explore the role of some ion channels for which we have some understanding of how they participate in glioma migration.
(a) Potassium channels
A retraction of the trailing edge of the cell is required for forward movement (figure 2), which in many other cell types, is accomplished by the actions of KCa3.1 [35] . [38, 39] . Pharmacological inhibition or genetic knockdown of KCa3.1 disrupts chemotaxis towards either of these ligands [38, 39] . KCa3.1 is also required for the migration of neuroblasts, one of the purported brain tumour precursor cells, along the RMS [40] . Together, these studies suggest that KCa3.1 may play a role in glioma migration along gradients of extracellular cues, possibly by facilitating the retraction of the trailing edge of the cell. Inhibition of KCa1.1 may also play a role in local volume change [35] . Studies have confirmed that KCa1.1 inhibition decreases migration in vitro [41] . However, KCa1.1 channel activators yielded more heterogeneous results: increases, decreases or no change in migration [41] [42] [43] . The action of KCa1.1 may vary depending on the cell line or the type and concentration of activators, as studies used different ways to activate the channel, including drug application and ionizing radiation.
(b) Chloride channels
Typically, migratory gliomas are elongated and wedge-shaped [32] , suggesting that invading gliomas undergo profound cell volume changes to squeeze through small extracellular spaces (figure 3). Direct measurements of volume changes during in vivo migration of glioma indeed show a 30-35% decrease in cell volume, independent of cell size [44] . Experiments using hypotonic media suggest that this decrease accounts for an almost complete loss of the free cytoplasmic water content. Hence, cells achieve a minimal size as they encounter barriers [44] through shedding all unbound water. Blocking Cl 2 channels inhibits both this volume decrease and cell migration [44] . Inhibition of NKCC1, which is responsible for establishing an outward gradient for Cl
2
, similarly impairs the dispersal of gliomas in vivo [11] . These data suggest that Cl 2 is used as an osmolyte that facilitates the extrusion of cytoplasmic water from the cells [44] . Unfortunately, there is a paucity of specific inhibitors for Cl 2 channels making it difficult to unequivocally identify the underlying channel. Non-specific Cl 2 channel inhibitors decrease in vitro and in situ migration [38, 45, 46] as does replacement of Cl 2 with impermeant anions [47] . The most likely molecular candidate to date is ClC-3, as shRNA knockdown of ClC-3 decreases in vitro migration [47] . Furthermore, chlorotoxin (Cltx), shown to reduce membrane expression of ClC-3, inhibits migration in vitro and in vivo [21] . A likely mechanism for ClC-3 inhibition of migration is dysregulation of cell volume, as non-specific inhibition of Cl 2 channels blocks RVD and inhibits migration in many glioma cell types [9, 32] . In order to maintain electroneutrality in volume change, cells must efflux both K þ and Cl
. Given the previous evidence, we can theorize that Cl 2 efflux is largely via ClC-3, and K þ efflux via KCa channels, which commonly co-localize and are activated under similar conditions. As mentioned previously, KCa3.1 affects migration after activation by bradykinin, and the same study found colocalization of KCa3.1 and ClC-3 on the invadopodia [38, 45] ( figure 3) . Furthermore, application of bradykinin activates both channels, and inhibition of either channel decreased migration [38, 45] . Blocking both channels together almost completely inhibits migration in vitro, indicating that both ions are used for migration [38, 45] . KCa1.1 has also been found to colocalize with ClC-3 on lipid rafts in the invadopodia, where changes in activation alter migration [48] . These data indicate that KCa and ClC-3 channels are probably involved in volume change during migration, and their colocalization may allow them to respond to similar downstream signals from growth factor activation, most probaly through Ca 2þ activation as illustrated in figures 2 and 3.
Apoptosis
Apoptosis is one important pathway through which cell populations are regulated during development and disease. Also called programmed cell death, it is characterized by DNA fragmentation, chromatin condensation and cellular condensation termed apoptotic volume decrease (AVD). Apoptosis can occur through two distinct pathways, intrinsic and extrinsic. Intrinsic apoptosis is triggered by internal injury to the cell, such as nutrient deprivation or DNA damage and can be stimulated by staurosporine (STS) [19, 49] . Extrinsic apoptosis is caused by surface binding to death receptors, such as CD95, and ligands include Fas and TRAIL [19, 49] . In glioma cells, both intrinsic and extrinsic apoptosis are associated with AVD, which is caused by activation of K þ and Cl 2 channels leading to loss of water [19] . Blocking the volume decrease inhibits the activation of caspases and decreases DNA fragmentation, and a large and long enough volume decrease can initiate apoptosis, making AVD both necessary and sufficient [19] .
(a) Potassium channels
The effect of K þ channels in apoptosis differs depending on the cell type and channel studied [50] . In many glioma cells, inhibition of outwardly rectifying K þ channels with non-specific blockers causes apoptosis [22, 23] . However, typically K þ efflux causes apoptosis through cell shrinkage; therefore, inhibition should decrease apoptosis [23] . Indeed, in some cell lines, sustained K þ channel activity is sufficient for apoptosis [50, 51] . Confirming this idea, decreased TASK3 activity correlates with increased survival of glioma cells [52] , and application of the TASK3 opener decreased survival of glioma cells, which was reversed with inhibitors [53] . Interestingly, the intrinsic and extrinsic pathways in glioma are regulated by different KCa channels [49] , though there is disagreement on the effect of KCa inhibition on apoptosis. One study found that when both types of AVD are inhibited by rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130095 high extracellular K þ , KCa1.1 specifically regulates extrinsic apoptosis, as the inhibitor paxilline blocked AVD after being induced by TRAIL, but not STS [49] . KCa3.1 regulates intrinsic apoptosis, as the inhibitor TRAM-34 decreases AVD and caspase-3 activation after STS, but not TRAIL addition [49] . This study found overall that KCa inhibition decreases AVD, and presumably apoptosis [49] . However, other studies have found that KCa inhibition may increase apoptosis [54] [55] [56] , though contradictions may be because of differences in inhibitors, cell types or perhaps different types of cell death, as inhibition of AVD alters apoptosis, but does not necessarily prevent death [19] .
(b) Chloride channels Cl 2 efflux is highly involved in glioma apoptosis, as inhibition of Cl 2 channels reduces AVD and caspase activation, both hallmarks of apoptosis [19] . Furthermore, simply inducing a large enough volume decrease in gliomas can stimulate apoptosis [19] . Although the molecular identity of the Cl 2 channel(s)
has not been resolved, it is clear that Cl 2 channels are both necessary and sufficient for AVD and apoptosis [19] . As AVD is a common characteristic of apoptosis among many cell types, specific ion channels involved need to be further investigated. Similarly, downstream mechanisms linking ion channel function to AVD and apoptosis, such as macromolecular crowding, should be subject of further scrutiny as activation of channels involved in apoptosis could provide a useful therapeutic approach.
Therapy
Because ion channels are involved in a diversity of malignant characteristics of gliomas, they could be potential targets for therapy. However, creation of drugs targeting gliomas may be more complex than other cancers, as not only is it necessary to inhibit ion channels expressed highly on gliomas, and not the surrounding tissue, but the drugs must also cross the blood brain barrier. In using ion channels for glioma therapy, it would probably be necessary to activate or inhibit multiple channels together. This could include the inhibition of multiple similar channels in order to stop compensation by upregulation of other channels. It may also be beneficial to inhibit both K þ and Cl 2 channels together, as coordinated movement of both ions is required for volume change. Targeting channels that are consistently involved in multiple glioma processes could also be promising. For example, ClC-3 has been implicated in glioma migration and proliferation [12, 57] , and KCa channels are involved in migration [38, 41, 42, 45] and apoptosis [49, 54, 56] . Furthermore, interference with ion channel activity may serve as adjuvant to other chemotherapeutic targets; because migration, proliferation and apoptosis are rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130095 complex processes, multiple disruptions may be required to significantly slow the cancer.
Another possible therapeutic target is the regulation of ion channels by Ca 2þ , as multiple channels commonly involved in glioma biology require high levels of intracellular Ca 2þ in order to be activated. As extensively discussed above, Cl 2 channels are involved in proliferation, migration and apoptosis of glioma cells. Well studied in glioma is ClC-3, which is a target of phosphorylation by CaMKII, a serine/threonine-specific protein kinase activated by Ca 2þ [47] . In addition, KCa channels are activated by increases in intracellular Ca 2þ . Both KCa3.1 and KCa1.1 are important for apoptosis, proliferation and migration, though their effect is sometimes controversial, as previously discussed. Because multiple channels rely on intracellular Ca 2þ , it may be beneficial to target a common Ca 2þ source, such as specific TRP channels. Many TRP channels are present in glioma cells and can regulate migration, proliferation and apoptosis, making them a possible therapeutic target. As TRPs are non-selective cation channels, their effects can be attributed to K þ and Na þ flux, but most studied is the role of Ca 2þ . TRPC1 specifically is important for cytokinesis in proliferation, and migration towards a chemoattractant EGF [57, 58] . TRPC1 was also found to colocalize with ClC-3, where it provides Ca 2þ for the channel and affects cell migration [57] . Activated by menthol, TRPM8 channel opening provides Ca 2þ for KCa1.1, which also influence migration [59] . Targeting a specific Ca 2þ source in glioma cells, such as TRPC1 or TRPM8, may prove useful as a drug therapy, and distinguishing the Ca 2þ signals that affect specific ion channels in malignancy versus normal physiological processes would improve their standing as a therapeutic target. One example of a drug in clinical trials is Cltx, which binds a protein complex on the cell surface that contains MMPs and ClC-3, and causes the internalization of the complex [60] . Cltx inhibits migration of glioma cells in vitro and in vivo in mice, probably caused by the inhibition of ClC-3 [21] . TM-601, a synthetic version of Cltx, has been used in phase I and II clinical trials where it was conjugated to 131 I and administered intracavitary to adults with recurrent high grade gliomas [61] . They found no toxicity and few other adverse effects [62] . Because the clinical trials were in the early phases, there was not much study on efficacy of the drug, but they did find a possible anti-tumour effect [62] , providing proof of principle that ion channels could serve as therapeutic targets in glioma.
One possible way to expedite the process of finding glioma therapies is to use drugs that are already FDA approved. One example of this is targeting NKCC1, which accumulates Cl 2 in glioma cells and is important for migration [11] . Its inhibitor, bumetanide, is already approved by the FDA as a loop diuretic and is currently also being tested to treat neonatal seizures [63] .
Although we have primarily discussed the role of ion channels in glioma progression, many similar channels are also involved in progression of other cancers. Therefore, similar therapeutics might be used for multiple different cancers. One example is tamoxifen, which inhibits Cl 2 channels [64] and is already given as a treatment of oestrogen-dependent cancers. Not only could this be a therapy for primary brain tumours, but also other cancers in which Cl 2 channels are involved. It is possible that future study investigating similar ion channel activity in other cancers will yield common therapeutic targets.
Conclusion
Given the above evidence, it is now clear that ion channels and transporters play a major role in glioma biology, and similar ion channels are probably employed to support the biology of other cancerous and non-cancerous cells. A frequently discussed downstream pathway of ion channel activation is volume change, as many aspects of glioma physiology are regulated by this coordinated ion and water efflux. For example, proliferation requires PMC before division, migration requires both local and whole cell volume changes, and apoptosis requires AVD for completion of the pathways. Because this is a common theme, it is important to study the downstream effects of volume change. One common hypothesis is that macromolecular crowding activates signalling pathways, but this has not been studied in glioma cells in depth. Furthermore, changes in cell size can also alter protein synthesis, gene transcription and cytoskeletal arrangements [65] . There are many possible outcomes of volume change in the cell; therefore, the specific pathways should be investigated. Mutations in ion transporters are also common in glioma [6, 7] . Ion transporters, such as NKCC1, move ions against their gradient to set up a driving force which allows efflux of K þ and Cl 2 when the ion channels open. Mutations in ion transporters alter the driving force for certain ions, which could facilitate tumour progression; however, future studies should specifically investigate the identity and mechanism of transporters involved in glioma biology. Ca 2þ regulation of channels is a consistent feature in many aspects of gliomas and is a likely candidate to coordinate activation K þ and Cl 2 currents, which are required for water efflux and volume change. This has been demonstrated for cells stimulated with various ligands. For example, in glioma cells, the bradykinin-induced increase in Ca 2þ activated both KCa3.1 and a Cl 2 efflux, which were used in migration [38] .
Further studies should investigate the spatial and temporal aspects of Ca 2þ changes within the cell, and how these are coordinated to activate channels and affect cell activity. Judging from the large number of ion channels that are altered in glioma and affect the basic biological processes, it may be useful to classify some of the channels as oncogenes [66] . It is clear that ion channels are a worthy target of future investigation, not only therapeutically, but also as a model system for the general behaviour of all cells.
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